amount of heat transferred by conduction during the impact of a spherical particle with a surface depends on the thermophysical and mechanical properties of the two colliding media. Other factors, such as the surface properties (e.g. roughness, contamination, stress state, radius of curvature) and the velocity and direction of the impact, also influence the heat transfer. The available theoretical treatment of the heat transfer is based on the Hertzian theory of elastic contact, where the two colliding media are treated as two elastic half-spaces. In this study experiments are performed to measure the amount of heat transfer during impact of metallic spherical particles with small metallic collectors embedded in low thermal conductivity substrates. Convective heat transfer has been eliminated by performing the experiment in a vacuum chamber. However, radiative heat transfer is present and an effort has been made to minimize it by using highly reflective surfaces. The experimental results show that the measured heat transferred per impact is higher than that predicted by the Hertzian theory of elastic impact. The plastic deformation induced in the collector due to the relatively high velocity of impact causes an increase in the contact area and the impact duration. We analyze the heat transfer during plastic impact and discuss the role of other non-ideal conditions such as the flexibility of the support and the obliqueness of the impact.
INTRODUCTION

SUSPENDED
particles in a fluidized bed exchange heat by conduction when they collide with a surface. This heat transfer occurs through the common interface of the particle and the surface (during the collision time) and contributes to the total heat transfer between the bed and the surface. A theoretical analysis by Sun and Chen [l] gives an estimate of the heat transfer during the impact of two elastic particles. The analysis is based on the assumptions that the impact is perfectly elastic, colinear with no spin, the surfaces are smooth and make perfect thermal contact, and that the impact is quasi-static such that the Hertzian theory of elastic impact is valid. In practice the velocities of impact are usually large enough to produce normal stresses larger than the yield stress of the softer material. The impact will then beplastic during the engagementperiod (contact area increasing with time) and elastic during the rebound period (contact area decreasing with time). As will be discussed, our experiments show that the measured heat transferred is larger than that predicted by the simple theory of elastic impact. This difference is principally attributable to the plastic deformation.
The problem of the elasto-plastic indentation of a half-space by a hard ball has been investigated by various authors [2-51. These studies are mainly concerned with the size of the permanent plastic indentation, and are generally numerical so that no general solution is available. Tabor [6] performed experiments on the plastic indentation of metals under both dynamic and static loading. Oblique impact of particles has been examined [7, 81 , where the erosion of the surface and crater formation was investigated for relatively high velocities of impact. Good agreement was found between the experiments and the predictions. This is because in the experiments the high velocities of impact cause the impact to be fully plastic and the contact pressure is nearly constant throughout the impact duration and equal to the hardness of the softer material. Maw et al. [9, lo] developed a numerical solution for the oblique impact of two elastic spheres of similar materials. They showed that the trajectory of the sphere depends on only two dimensionless parameters. Tsai [l l] studied the elastodynamic contact stress between an axisymmetric projectile and an elastic half-space. In his solution, waveeffect integral terms were added to the Hertzian contact stresses. The problem of adhesive contact has been investigated by Barber [12] , who provided an analytical solution for that phase of complete adhesion during the oblique impact of elastic spheres of similar materials.
EXPERIMENT
Apparatus
An apparatus has been constructed ( Fig. 1 ) for the purpose of measuring the total amount of heat transferred during the impact of a spherical particle with a surface. Stainless steel (AISI 440C) spherical particles of diameter 4.76 mm (3/16 in.) are heated in the heat exchanger. A conveyer driven by an electric motor carries the particles through the heater and drops them at a controllable frequency (ranging from 0 to 2 Hz). The spin of the particles is minimized by forcing them to a complete stop before their free fall. Due to gravitational acceleration, they acquire a certain velocity before the collision. The particles collide against a flat, circular metallic collector which is at a (of the order of 2 x lo--4 J), sewml hundreds of collisions are needed in order to produce a measurable change in the collector temperature. The temperature at various locations in the chamber is measured by chromel~~~nstant~n the~ocoupIes. These temperatures are recorded at prescribed time intervals. in order to eliminate all convective heat transfer. the experiment is conducted in an ezwuated chamber in which the pressure is kept below 0.02 atm. The radiative heat exchange between the collector and its surroundings is minimized by gold plating the surroundings.
Through a data acquisition and control system the temperatures and the pressure in the chamber are recorded and the temperature of the heat exchanger is controlled. An infrared cell is mounted on the tube through which the particles pass. The cell gives an electric signal every time a particle passes. A counter registers the frequency of these signals (the bombardment rate) f: Each particle collides against the collector and returns to the conveyor for the recovery of the enthalpy loss, and the process is repeated. Thus. several hundred impacts can be obtained by recycling a moderate number of particles.
The collector has a flat surface (initially polished to a surface roughness of 0.05 pm) and has a very small mass (4 x IO-R kg), which allows for the detection of a small amount of heat addition (through the temperature rise). In order to minimize the conductive heat losses, the collector is mounted on a very low thermal conductivity substrate (k x 0.3 W m-' K-l) made of phenol-formaldehyde (phenolic). Conductive heat losses can be milled by using a small area of contact between the collector and the substrate. However, the contact area must be large enough to give adequate rigidity to the collector support (for reasons to be discussed in Section 4.2.1). A reference collector is also positioned next to the collector. By observing the temporal temperature variation in the reference collector, we can detect the parasitic heat transfer (e.g. change in the room temperature, the radiation heat transfer).
When the power to the electric heater is turned on, the temperature of the entire chamber increases (by conduction and radiation). After several hours the chamber reaches an equilibrium state, although significant temperature variations exist within it. The flow of the heated particles disturbs the equilibrium and the temperatures of various parts of the chamber will increase. Before starting the actual bombardment of the collector, a deflector {Fig. 1) is placed above it in order to avoid impact. The role of the deflector is to allow the different parts of the system to attain new equilibrium states while the heated spheres are flowing (without any impact with the collector). After this new equilibrium is reached, the deflector is removed and the particles are allowed to strike the collector. This procedure ensures that the increase of the collector temperature is solely due to the conductive and radiative heat transfer during impacts.
2.2. Measurement of heat transfer during impact 2.2.1. Calibration. If the bombardment rate, f, and the heat transferred per impact, Q, are constant and there are no heat losses, the temperature of the collector during the bombardment will vary linearly with time, being given by
However, in experiments the collector temperature does not follow equation (1). This is due to the presence of heat losses by conduction (through the contact area between the base of the collector and the phenolic support) and also heat transfer by radiation. The result is an initial non-linear rise in the collector temperature followed by a constant temperature asymptote ( Fig. 2(a) ). When the asymptotic behavior is approached, the impact heat transfer to the collector is balanced by the outgoing conductive and radiative heat transfer. Because of the dilhculty in estimating the thermal contact resistance between the collector and the phenolic support and due to the uncertainties in the estimations of the surface emissivities, the analysis of this transient heat transfer problem is not addressed here. Instead, the system is calibrated by heating the collector at a constant and known rate $ using a helium-neon laser.
The rate e can be controlled by placing a combination of filters between the laser source and the collector. The transparency of the filters has been determined experimentally with an accuracy of 1%. The calibration is performed at the same temperature and pressure in the chamber as those occurring in the bombardment experiment. To make sure that the collector is absorbing all the incident radiation, a very thin layer of black oxide or black enamel (a,, = 0.96 0.98) is deposited on the surface (for calibration only). The collector temperature rises with time and then reaches an asymptote ( Fig. 2(b) ) and these rises in the collector temperature AT and the heating rate Q arc recorded. In order to have an accurate measurement of the heating rate input, two different radiometers are used and the deviations are used to estimate the uncertainty in the measured Q. A calibration curve is obtained by finding the best linear fit to the cxperimental data of AT versus Q (Fig. 2(c) ), i.e.
Q=~AT.
(2) 2.2.2. Measurement of'heat tramfkrprr impact. The amount of heat being transferred per impact Q is determined by measuring AT. Then, from the measured bombardment rate ,f and by using equation (2). the heat transferred per impact is found from
Note that Q is due to both conduction through the contact area and radiation (during approach, contact and departure of particles).
2.2.3. Radiatizje heat tran.sf&. To minimize the radiative heat transfer, highly polished surfaces are used (roughness EO.05 pm). It is also important to note that the peak energy emitted is in the infrared where the emissivities are expected to be very low. However. depending on the radiative properties of the surfaces. the amount of energy exchange between the surface of the particle and the collector can become important. The view factor F, z between a coaxial sphere and a disk is given in Siegel and Howell [13] . We need to consider three different phases of the impact. namely the free fall phase of the ball, the phase when the ball is in contact with the collector, and the rebound phase.
To estimate QR,c we need to know the total. hemispherical emissivities. Since the emissivities of most materials are strongly dependent on the properties of the surface (rugosity, contamination, etc.), they were measured experimentally. This was done by irradiating the surfaces with a helium-neon laser, and measuring the incident and reflected powers. Wavelength and temperature corrections were then made as described in ref.
[ 131. For the highly polished AISI 440C and 304 stainless steels this gives E E 0.15. and for pure copper I-: z 0.05. We have made a parametric examination of the ratio of Q,c,c to the heat transfer during elastic impact, i.e. QR,JQO, as a function of the emissivities. From Fig. 3 (a) we note that the radiative heat transfer is strongly dependent on the emissivity of the collector (E?). 
Fl-3 The radiative heat transfer between the balls and the reference collector QR,re was also determined. The view factor F,_3 between the particle and the reference collector is given by Feingold and Gupta [ 141. The variations of F, z and F, i with time (during the free fall and rebound) are plotted in Fig. 3(b) . The ratio of QR,re to & is plotted in Fig. 3(c) . Knowing QRsre and the emissivities E, and E?, we can estimate the radiative heat transfer between the ball and the collector (QR,J. For the measured emissivities we have QR.JQR,= = 0.827 for the copper collector and AISI 440C particles, and QR,JQR,c = 0.757 for the AISI 3 16 steel collector and AISI 440C particles. Therefore, the radiative heat transfer QR,= is approximately 1.2-1.3 QR,re. From Fig. 3(a) we have Q+/Qo = 0.13-0.14 for cp = 0.15.
EXPERIMENTAL RESULTS
Several experiments were performed where we measured the heat transfer during the impact of 440C stainless steel balls with a pure copper collector; an AISI 304 stainless steel collector ; an AISI 316 stainless steel collector ; an AISI 01 tool steel (annealed) ; and an AISI 01 oil hardened tool steel collector. Both the collector and the reference collector were polished to a surface roughness of 0.05 pm. All samples were cleaned in acetone and thoroughly washed with ethyl alcohol, and the collector was immediately placed in the evacuated chamber.
Copper collectors
The original design for the collector support was relatively flexible, permitting some transfer of kinetic energy to the collector and hence reducing the total change in momentum of the ball during the impact. A more rigid modified design was then developed for which we anticipate that the contact conditions will be closer to those where the collector is considered as a half-space.
The results are compared in Fig. 4 . We note that the more flexible support gives somewhat less heat exchange than the modified design, as we should expect, since the contact time and the maximum area of contact are related to the impulse transmitted to the ball.
However, both sets of results indicate Q/Q0 is sub- stantially larger than unity, i.e. more heat is exchanged during impact than is predicted by the elastic theory. This difference is attributed to the plastic deformation induced in the collector by the hard steel balls and indicated by plastic indentations observable in the collector surface at the end of the experiment. These indentations were removed by polishing before the next experiment.
Steel collectors
In order to reduce the plastic deformation, it is necessary to increase the hardness of the collector material. Collectors of AISI 304 and AISI 3 I6 stainless steels were prepared in the same manner as the copper collector, but plastic indentations were again observed after impact. A yet harder collector was therefore machined from AISI 01 tool steel and then hardened to RA 82 by quenc~ng from 800°C in warm thin oil. The Rockwell hardness of the tool steel collector before quenching was RA 54 and those of the AISI 304, AISI 316 and copper collector were RA 44, RA 43 and RF 63, respectively. To obtain information on the effect of hardness, heat transfer experiments were performed with all these collector materials, including the tool steel collector in both annealed and quenched states. The results of these experiments are described in Section 5.1.
After experiments with the quenched tool steel collector, no permanent indentations could be detected in the collector surface, suggesting that all the impacts are elastic or nearly elastic. With this coilector, we also find that the total heat exchange per impact is close to the value predicted by the elastic theory (see Fig. 8 ).
THEORETICAL PREDICTIONS
Heat exchange durhg elastic impact
The analysis of the heat transfer during elastic impact [I] is based on the following principal assumptions. (a) The impact is quasi-static so the Hertzian theory of elastic impact is valid ; (b) the impact is perfectly elastic; (c) during the impact, heat is transferred by conduction in the normal direction only; (d) the impact is normal with no spin ; (e) the particles make perfect thermal contact; and (f) the surfaces are perfectly smooth.
Under these assumptions, the conductive heat transfer per impact is given by
where A, = nai is the maximum contact area, whose radius is a0 = (15mV2R2)'i5/(16E)'~5, to = 2.943ai/ (RF') is the duration of the impact, /3 = lj,p2/ (Bi +a*) is an equivalent thermal property (see Nomenclature), m = m,m~/(m, +m,) is the equivalent mass, iz-' = RF'+ R;' is the relative curvature,
Vis the relative velocity of impact, and E = [(I -I$)/ E, + (I-v:)/EJ -'
is the equivalent Young's modulus. Note that in our case, m2 = 00 and R, = co, 
1.40
since the collector is assumed to be an infinite elastic half-space. The amount of heat transferred per impact is very small (1-3 x 10e4 J, based on properties from Table I ), and the internal energy of the collector will change only slightly during the experiments.
In fact calibration experiments show that the increase in the collector temperature T, is less than 1.5"C. Initially (4) with an error of less than 1.5%.
Sun and Chen used a correction factor C, to account for the heat conduction in the radial direction, i.e. to relax assumption (c) above. The total conductive heat transfer Q is then given by
The correction factor C, is a constant larger than unity, depending on the Fourier number Fo = at,/ai (based on the material with lower ,8) and on the ratios i* and p*. For AISI 440C steel balls striking a steel elastic half-space Fo z 2 x 10m3, the ratios A* and p* are close to unity and C, z 1. The radial heat conduction might be important for larger values of A* and lower values of p*, especially if Fo is greater than about 0. I.
Analysis for non-ideal conditions
Since many of the assumptions on which Sun and Chen have based their analysis are not satisfied in practical situations, we examine a more realistic model that considers the effect of some of the non-ideal conditions listed in Section 4.1.
4.2.1. Effect ofjexibility qfsupport. If the duration of impact is very small, elasto-dynamic effects must be taken into account. Tsai solved this problem by adding wave-effect integrals to the Hertzian contact stresses (which are derived for a quasi-static contact). For the impact to be considered quasi-static, the time constant r of the system must be short compared to the period t, of the force impulse applied to the system. Hunter (see Johnson [ 151) used an approach where he regarded the half-space as an elastic spring in parallel with a dashpot (also known as the Kelvin-Voigt model). The dashpot accounts for the energy dissipated through the half-space by the wave motion. Since the duration of the impact is short, the energy by the dashpot will be small and the dynamic response will be mainly dominated by the spring. In our experiments, for the case of the impact of a hard steel ball with a steel collector, we have z/t,, z 2 x lo-', and hence the impact can be considered quasi-static.
For more flexible collector supports multiple impacts can occur, but estimates show that the stzjkess of the collector support will not have any influence on the heat transfer during elastic impact if it is larger than 1.3 x IO'" N rn~ ', which is the case in this experiment.
Heat transfer during elasto-plastic impact.
For the impact to be purely elastic, the velocity of the particles must be less than [ 151 For the impact of a spherical, rigid particle with a half-space, equation (6) reduces to where Y, is the tensile or compressive dynamic yield stress of the half-space, whose value is close to the static yield stress which in turn is closely related to the hardness. For copper, the maximum velocity for the impact to be completely elastic is 3 x 10 4 m s ', while for steels it ranges from 3 x 10 ' m s ' for an annealed steel of hardness RA 43 to 1 m s ' for a hardened steel of RA 82. These values are lower than the velocities occurring in the experiment (about 2.3 m s-'). Typical particle properties in fluidized beds are presented in Table 2 [16] .
To estimate the heat transferred during elasto-plastic impact, we consider the impact to be quasi-static and assume that during the engagement phase the material of the collector strain-hardens according to a uniaxial true stress (o)-true strain (t) relation of the type g = bt"
where b and n are constants of the collector material. The Tabor empirical equations for the true stress and true strain are where JQ is the mean contact pressure and c is a constant close to 3. The value of IZ describes the strainhardening ability of the material. In general 0 < n < 0.5. A perfectly plastic material would have a value n = 0.
During the plastic engagement phase, if the edges of the impression neither pile-up nor sink-in, the contact radius a and the compression 6 are related by the equation The equivalent radius R = RI during the engagement phase. This will not be the case during the elastic recovery phase, since the half-space acquires a permanent concave curvature, defined by a negative value of R, = -Q. The impact problem is investigated by writing the momentum equation for the ball. Using equation (1 l 
Solving this equation, we find the maximum compression 6,, the duration of the engagement tr, the maximum contact radius a,,, and the maximum force P,,,,, are given by a,,,,, = (2R, 6,) 'P P max = $c+ *w P f(n) = (16) Note that for 0 < n < 1
1.471 <f(n) < 3 x 1.571.
The rebound is then taken to be elastic, and the contact radius a and the compression 6 are related by the equation
The initial radius of the contact area is taken equal to the contact radius amax occurring at the end of the plastic indentation, i.e. where 6, is the elastic recovery. For the elastic rebound the compressive force P is given by the Hertzian relation p = 'ER't*63/*,
(20)
The momentum equation for the motion of the ball during elastic deformation can be written as ,,,, 2 +;ER"263/2 = 0.
(21)
Using equations (15), (19) and (20) we can find the elastic recovery 6, 6, = o.53+Eaf+ I)'*.
I (22)
Multiplying equation (21) by d6/dt and integrating by parts we then find the rebound velocity V, and the rebound duration t, to be v2 = ('";~,":")'i', t, =
,.47+ (23)
We find that the contact radius a can be approximated by the expressions
where for the engagement and the rebound phases respectively (see Fig. 5 ). These approximations permit a simplified expression to be obtained for the total heat transfer Q with a maximum error of about 1%.
The total heat transfer per unit contact area is a function of the local duration of contact I, (which is a function of (0. Then the total amount of heat transferred per impact Q is given by i'",,,.
where q is the instantaneous, one-dimensional. conductive heat flux at the interface, and is given by [ 171
As defined, t,(u) is the time during which the bodies are in contact over an area of radius 3 u and is given by (see Fig. 5 ) r,(a) = t, +t,.
Using equations (24) and (25) we find (28) Then, from (26), (27) and (29), we obtain
The last integral is a dimensionless constant, which can be evaluated to give
where A,,, = na&,, is the maximum contact area.
The above results can be normalized with respect to the corresponding elastic values, with the result 
are dimensionless parameters. For the particular case where the collector material does not work-harden (such as lead), the engagement phase is fully plastic and the mean contact pressure is constant (p<, z 3 Y), WC have
Substituting these values into equations (32)- (34) we obtain S, = 0.377B ',<. 
During plastic impact, additional heat is generated due to the internal, mechanical energy dissipation. Experiments were performed where the collector was bombarded with balls at the same temperature as the collector. No significant temperature changes were observed in the collector, indicating that this effect can be neglected.
4.2.3. Oblique impact and particle spin. In our experiments, the collector is tilted at an angle of 5 to the horizontal. This is necessary to ensure that the particles do not strike the collector after rebound. The friction at the interface can be important if the local angle of incidence 4 is large. r$ is measured between the direction of the velocity of the contact point and the normal to the surface of the collector. As long as some part of the contact area is in a state of adhesion, the slip displacements at other points will be small and frictional heating will be negligible. However, if the whole contact area slips, frictional heating might be significant. This state is known as gross slip. Maw et al. defined two dimensionless parameters @, and x
where K = [I/(m, R,) ] ' 'P is the radius of gyration of the particle and I is the moment of inertia of the particle about its center of mass. They showed that the whole impact will take place in gross slip if
while for @, < 1 there is only a very short period of gross slip at the end of the rebound phase. For the case of a homogeneous steel sphere (v = 0.3), x = 1.44 and these conditions correspond to sin # > 5.7@, sin + < I .25~ (45) respectively. Taking the coefficient of friction I* x 0.1 we find that gross slip will be insignificant if d, < 7" which will be the case if the balls fall vertically without rotation. If rotation occurs as a result of contact with the side of the release tube, the local angle of incidence will contain an additional term. However, this term will generally be small since no increase in rotational speed can occur during the free fall phase. We therefore conclude that frictional heating will be insigni~~nt in the present experiments.
RESULTS AND DISCUSSION
The measured and predicted amounts of heat transfer during the elasto-plastic impact of steel balls with a copper collector are shown in Fig. 4 . The results show that the heat transferred per impact is six to seven times larger than that predicted by the Hertzian theory of elastic impact. This is attributed to the large plastic deformations occurring in the collector during the impact. The shaded area defines the values predicted by the analysis of Section 4.22 for Y = 10 OOO-14000 psi. Since the predicted heat transferred is strongly dependent on the value of the yield stress Y, the uncertainties in the measured Y should be reduced as much as possible. The yield stress was therefore estimated from hardness measurements on the collector surface. We note that equation (42) is for fully plastic impact and this ideal behavior is not present in our experiments. Therefore, it is not expected that equation (42) with the same area in every impact. There is a statistical distribution to the collision centers (which depends on the apparatus). In principle, this uncertainty in the collision location can be combined with a superposition of indentations to result in an estimate of the multiple-plastic impacts. However, this is beyond the scope of the present work. Figure 6 shows the effect of impact frequency, ft with the AISI 304 stainless steel collector. The measured total rate of heat transfer Q varies linearly with f ( Fig. 6) 
Efsect of yield stress
The experimental results show that the heat transfer during impact is strongly dependent on the hardness of the collector which is closely related to the yield stress Y. This behavior is evident from Fig. 8 where the ratio of measured heat transfer (Q) to the predicted heat transfer during elastic impact (Q,,) is plotted against the parameter B. This parameter can be interpreted as a measure of the severity of the impact, since it is the ratio between the actual velocity of impact (V,) and the minimum velocity required to produce plastic deformations (V,), defined by equation (7).
The results with all five collector materials are given in Fig. 8 and they show a progressive increase in the ratio Q/Q0 as B is increased. The elastic analysis gives a good prediction of the heat transfer only for the hardest collector.
The solid line in Fig. 8 is obtained from equation (42) and hence corresponds to the case of perfect plasticity without work hardening (i.e. PI = 0). It is clear from the figure that this simplification gives a good estimate of Q/Q0 for B > 10, i.e. for large velocities of impact or soft collector materials, where the impact can reasonably be assumed fully plastic.
However, equation (42) does not tend to the expected limit of elastic impact as B + 1, since the stress-strain law (8) reduces to a step function and contains no elastic or quasi-elastic range when 12 = 0.
Better theoretical predictions can be obtained by using the work-hardening theory summarized by equation (35), i.e. by relaxing the assumption n = 0. During the laser heating calibration experiments. the observed temporal variation in the temperature of the reference collector is similar to that for the collector. both reaching asymptotic values after an initial transient period during which the temperature rises ( Fig. 2(b) ). The temperature rise of the reference collector is due to heat conduction from the collector through the support. During the bombardment, radiative heat transfer occurs from the balls to both the collector and the reference collector. In our experiments. for the case of a copper collector, the measured heat transfer per impact is six to seven times larger than that predicted by the elastic impact theory. For the measured emissivities (E, = 0.15, l:? = 0.05) and using the results given in Fig. 3 (a) the radiative heat transfer represents less than 2% of the total heat transferred per impact. For the case of a steel collector (cl = 0.15), it is less than 7%. Therefore, the radiative heat transfer during impact can generally be neglcctcd in the present experiments.
CONCLUSIONS
We measured the heat transfer during impact ot heated, spherical particles with small, planar collcctors. In the experiments, the effect of convection is eliminated by conducting the experiments in an evacuated chamber. The heat losses due to radiation are minimized by using highly reflective surfaces. Radiative heat transfer between the ball and the collector is negligible compared to the heat transfer due to conduction. and can thus be neglected. Highly polished surfaces are used in order to minimize the contact resistance between the ball and the collector. Conductive heat loss from the collector is minimized by using a low thermal conductivity support. The measured heat transfer is larger than that predicted by the Hertzian theory of elastic impact. This is due to the plastic deformation induced in the surface of the collector. A close relationship exists between the hardness of the collector and the measured heat transfer during impact, i.e. the harder the collector material the less is the deviation (copper, stainless steel. and hardened steel collectors are used) from the elastic impact. Our analysis of plastic impact leads to predictions which arc in good agreement with the experimental results. Equation (42) 
